OCEAN AND ECOSYSTEM RESPONSE TO CLIMATE FORCING
The large-scale atmospheric modes operate differently in each of the GLOBEC regions. However, they all modify the ocean circulation on multiyear periods, with implications for the marine ecosystem. GLOBEC isolated a common mechanism driving oceanic and ecosystem responses across the GLOBEC regions, a mechanism we refer to as the Hemisphere where the presence of continental boundaries drives standing-wave patterns characterized by dipoles that are ABSTR ACT. A primary focus of the US Global Ocean Ecosystem Dynamics (GLOBEC) program was to identify the mechanisms of ecosystem response to largescale climate forcing under the assumption that bottom-up forcing controls a large fraction of marine ecosystem variability. At the beginning of GLOBEC, the prevailing bottom-up forcing hypothesis was that climate-induced changes in vertical transport modulated nutrient supply and surface primary productivity, which in turn affected the lower trophic levels (e.g., zooplankton) and higher trophic levels (e.g., fish) through the trophic cascade. Although upwelling dynamics were confirmed to be an important driver of ecosystem variability in GLOBEC studies, the use of eddyresolving regional-scale ocean circulation models combined with field observations revealed that horizontal advection is an equally important driver of marine ecosystem variability. Through a synthesis of studies from the four US GLOBEC regions (Gulf of Alaska, Northern California Current, Northwest Atlantic, and Southern Ocean), a new horizontal-advection bottom-up forcing paradigm emerges in which large-scale climate forcing drives regional changes in alongshore and cross-shelf ocean transport that directly impact ecosystem functions (e.g., productivity, species composition, spatial connectivity). The horizontal advection bottom-up forcing paradigm expands the mechanistic pathways through which climate variability and climate change impact the marine ecosystem. In particular, these results highlight the need for future studies to resolve and understand the role of mesoscale and submesoscale transport processes and their relationship to climate. 
North Atlantic Oscillation Index (NAO)
Defined as the dominant mode of North Atlantic SLPa, the NAO is the surface expression of the NAM. In its positive phase the NAO is associated with a strengthening of the gradient between the Iceland Low and Azores High. Also known as the Antarctic Oscillation, the SAM tracks changes in the strength of the low pressure polar vortex over Antarctica.
Aleutian Low Index (AL)
Defined as the dominant mode of North Pacific SLPa, the AL is associated in its positive phase with a strengthening and southward shift of the Aleutian Low pressure system. SLP mbar Figure 1 . Climate modes in the atmosphere and their relationship to the mean circulation. The graphic shows the mean sea level atmospheric pressure for December-January-February (DJF). High-pressure regions (in both hemispheres) have anticyclonic flow, and low-pressure regions have cyclonic flow. SLPa = sea level pressure anomaly. SLP data are from the National Center for Environmental Prediction, Kistler et al. (2001) by increasing the cross-shelf baroclinicity (e.g., Weingartner et al., 2005) . Stronger downwelling winds and coastal currents tend to be accompanied by enhanced mesoscale eddy activity in the GOA (Combes and Di Lorenzo, 2007; Henson and Thomas, 2008) ; episodes of relaxation in downwelling winds can result in fluxes of nutrient-rich water being driven onto the shelf by these eddies (Ladd et al., 2007) 
The Northern California Current System
In the Northern California Current System (NCCS), high productivity along the coast is associated with seasonal upwelling that supplies surface nutrients.
Although interannual changes in upwelling and primary production have been linked to changes in the AL alongshore winds and the PDO, the mechanistic link between the AL/PDO and higher trophic levels is still being explored. Several GLOBEC publications (Hooff and Peterson, 2006; Peterson, 2009) The PDO has been mechanistically linked to changes in the alongshore transport that control zooplankton species composition along the entire CCS (Bi et al., 2011; Keister et al., 2011; . Although more studies are needed to identify the mechanisms of interaction among the PDO, NPGO, and ecosystem responses, it is clear that regional circulation changes associated with these climate modes control water mass transports and upwelling dynamics that alter copepod community structure and abundance, including mean body size, biomass, and lipid (e.g., energy) content.
These processes in turn affect the trophic transfer of energy to higher consumers, such as forage fish and salmon (Peterson, 2009; Bi et al., 2011) , and can have major implications for the productivity of the shelf ecosystem and for regional economies dependent on that productivity.
The Gulf of Alaska
The GOA subpolar gyre is a highnutrient, low-chlorophyll region where iron is the limiting factor to primary productivity (Martin et al., 1989) . In contrast, coastal GOA biological productivity is high, despite the mostly downwelling-favorable winds there.
High phytoplankton production on the shelf is attributed to cross-shelf mixing of nearshore waters rich in iron concentrations, with waters near the shelf break high in nitrate concentrations. The two water masses tend to contain different lower trophic level communities, with the coastal region dominated by large-celled diatoms and dinoflagellates and the oceanic waters by smaller-celled phytoflagellates and pennate diatoms (Strom et al., 2006) . The shifting boundary between these waters, and the degree of cross-shelf exchange, is determined by mechanisms related to freshwater runoff, Ekman transports, and eddies and meanders (Stabeno et al., 2004) . ) sea level pressure anomaly (SLPa) and wind stresses (black vectors), the (b, e) Regional Ocean Modeling System (ROMS) sea surface height anomaly (SSHa), and (c, f) sea surface temperature anomaly (SSTa). In the SSHa panels (b, e), the black contours correspond to the long-term mean SSH (1950 SSH ( -2008 , so that it is possible to visualize how the PDO and NPGO SSHa project on the mean circulation-the bold vectors in the SSHa panels indicate the direction of PDO (red vectors) and NPGO (blue vectors) contributions to the circulation. Figure reproduced from King et al. (2011) . SLP data from Kistler et al. (2001) , SSTa from the reanalyses of Smith and Reynolds (2004) , ROMS SSHa from Di , and mean SSH from Niiler et al. (2003) Northeast 
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Coupled models of circulation and ecosystem dynamics (Ji et al., 2008) showed that changes in stratification (Costa et al., 2007) , that had associated enhanced abundance of marine mammals and other top predators (Burns et al., 2004; Chapman et al., 2004; Širović et al., 2004; Thiele et al., 2004) . The hotspot regions were in areas influenced by Circumpolar Deep Water (CDW), a relatively warm (1-1.5°C), salty (34.74) oceanic water mass that moves onto the WAP shelf at depth.
This water mass influences heat and salt budgets (Dinniman and Klinck, 2004) , sea ice distribution (Dinniman et al., 2012) , and food web structure (Prézelin et al., 2004; Ballerini et al., in press ). Antarctic krill populations and the biological hotspots (Piñones et al., 2011 (Piñones et al., , 2013a . Lagrangian transport simulations using circulation fields produced by increased wind strength and ACC transport showed that the increased volume of CDW on the shelf contributed to the success of larval Antarctic krill, but only for limited areas of the sWAP shelf (Piñones et al., 2013b) . The modified circulation also increased advection of Antarctic krill larvae onto the shelf and enhanced retention, but the reduced winter sea ice and shifts in ice cover distribution may compromise overwintering survival of larvae and recruitment to adult stages (Piñones et al., 2013b) . On the other hand, in the SO GLOBEC study region, reproduction and recruitment of Antarctic krill is more closely related to the spring phytoplankton bloom than to sea ice (Daly, 2004; Marrari et al., 2008) , so the biological hotspots may not be affected in the short term by climate-induced changes in circulation.
A mass balance food web model developed for the SO GLOBEC region (Ballerini et al., in press) Figure 6 . Impact of regional ocean transport on Antarctic krill populations along the western Antarctic Peninsula (WAP) continental shelf. The Antarctic Circumpolar Current (ACC), which flows along the shelf edge, transports Circumpolar Deep Water (CDW) and Antarctic krill larvae (1) that originated in upstream source regions. On-shelf intrusions of CDW (2) occur at specific sites, such as Marguerite Trough, and bring larvae onto the shelf, fueling localized shelf hotspots (3). Local retention regions created by shelf circulation retain larvae and juveniles that are produced on the WAP shelf (4). Transport of larvae to the mid and inner shelf provides a source for the juvenile krill populations in these areas. The Antarctic Peninsula Coastal Current (APCC) potentially provides exchanges along the inner shelf. Figure redrafted from Piñones et al., 2013b three-dimensional regional modeling focus of the GLOBEC program. The modeling studies showed that changes in ocean transport impacted different aspects of ecosystem structure and function (e.g., productivity, species composition, connectivity) in the four regions.
In the GOA, the cross-shelf advection of iron-rich coastal waters into the ocean's interior was identified as a mechanism for enhancing productivity in the ironlimited/nutrient-rich subpolar gyre (2) is an equally important mechanism by which marine ecosystems respond to climate forcing. GLOBEC studies identified ocean horizontal transport processes as an equally important driver of marine ecosystem dynamics. (Curchitser et al., 2013, in this issue) to develop robust strategies for downscaling large-scale climate forcing to regional and coastal-scale ecosystem dynamics. This process also requires fostering and maintaining a robust dialogue among climate modelers, coastal physical oceanographers, marine ecosystem scientists, and social scientists.
This type of interdisciplinary exchange will improve the quality of ecosystemintegrated assessments, with benefits for policy decisions.
This is US GLOBEC contribution 739.
